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Biome																																		 								Root	Biomassa	(g/m2)	 	 Carbon	Contentb	(kg	C/m2)			 	
Tropical	Forest	 	 	 8400	 	 	 	 	 4.2	
Temperate	Forest	 	 5700	 	 	 	 	 2.85	
Boreal	Forest	 	 	 2200	 	 	 	 	 1.1	
Tropical	Savanna	 	 1700	 	 	 	 	 0.85	
Temperate	Grassland	 	 500	 	 	 	 	 0.25	
Desert	 	 	 	 350	 	 	 	 	 0.18	
Tundra	 	 	 	 400	 	 	 	 	 0.2	
Crops	 	 	 	 80	 	 	 	 	 0.04	



































estimates	are	60%a	of	true	values.	 	 	 	 	 	 	 	 	
Biome																																 Table	1	C	Estimate	(kg	C/m2)			 	 Potential	Root	Carbon	(kg	C/m2)			
Tropical	Forest	 	 	 4.2	 	 	 	 	 7.0	
Temperate	Forest	 	 2.85	 	 	 	 	 4.75	
Boreal	Forest	 	 	 1.1	 	 	 	 	 1.83	
Tropical	Savanna	 	 0.85	 	 	 	 	 1.42	
Temperate	Grassland	 	 0.25	 	 	 	 	 0.42	
Desert	 	 	 	 0.18	 	 	 	 	 0.3	
Tundra	 	 	 	 0.2	 	 	 	 	 0.33	
Crops	 	 	 	 0.04	 	 	 	 	 0.067	
	 	 	 	 	 	 	 	 	 	 	 	 	
a	Assumption	of	60%	of	true	root	biomass	taken	from	Robinson	(2007).	
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	 Becker	(2011)	has	shown	that	carbon	stocks	in	aboveground	biomass,	litter,	soil	
charcoal,	and	uncharred	soil	organic	matter	>	2	mm	all	varied	significantly	between	
longleaf	pine	flatwoods	and	both	unrestored	pasture	and	pasture	in	restoration.	Becker	
(2011)	also	acknowledged	that	neither	these	data	nor	overall	carbon	stock	values	for	the	
DWP	include	coarse	root	biomass.			
	 Our	estimates	produced	using	GPR	suggest	that	the	carbon	stock	value	of	17.7	kg	
C/m2	(Becker	2011)	within	longleaf	pine	flatwoods	should	increase	by	an	additional	3.5	±	
0.8	kg	C/m2,	not	including	Serenoa	repens	rhizome	biomass.		Serenoa	repens	rhizomes	were	
not	accurately	identified	at	Kennedy	Space	Center	nor	Disney	Wilderness	Preserve,	likely	
due	to	their	relatively	low	water	content	and	position	at	or	near	the	surface-air	interface,	
and	as	such	are	not	represented	in	GPR	estimates	of	belowground	biomass.	Using	the	
observed	biomass	values	from	the	12	excavated	plots,	which	include	Serenoa	repens	
rhizome	biomass,	an	additional	3.7	±	0.5	kg	C/m2	should	be	added	to	the	previous	estimate.	
This	represents	an	increase	of	over	20%	to	the	total	estimate	of	carbon	stock	in	a	restored	
longleaf	pine	flatwoods	system.	While	not	investigated	in	this	study,	coarse	root	carbon	
stocks	for	unrestored	pasture	and	pasture	in	restoration	are	likely	significantly	lower	than	
the	values	produced	here	for	restored	longleaf	pine	flatwoods,	further	accentuating	the	
value	of	restoration	in	these	systems	as	it	relates	to	carbon	storage	potential.			
	
Restoration	and	Carbon	Storage	Potential	
	 In	light	of	climate	change	and	rising	atmospheric	CO2,	carbon	storage	potential	has	
become	a	vital	ecosystem	service	and	will	continue	to	be	of	great	importance	in	the	future.	
These	data	show	that	restoration	efforts	in	previously	destroyed	longleaf	pine	systems	
have	a	definite	and	significant	benefit	in	terms	of	carbon	storage	potential.	Galatowitsch	
(2009)	pointed	out	that	an	economic	value	can	be	assigned	to	restoration	efforts	through	
the	change	in	carbon	storage	(i.e.	carbon	offsets).	By	building	a	complete	carbon	budget	for	
this	system,	we	can	identify	the	exact	value	of	these	longleaf	pine	flatwoods	relative	to	
climate	change.	Additionally,	the	ecosystem	services	provided	to	native	species	by	the	
restoration	of	their	natural	habitat	and	the	preservation	of	biodiversity	provide	further	
justification	for	the	costs	of	restoration.	Although	these	exact	values	are	typically	more	
difficult	to	identify,	they	are	also	important,	as	habitat	degradation	and	fragmentation	have	
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been	shown	to	magnify	the	effects	of	climate	change	on	native	species	(Pyke	2005;	Van	
Lear	et	al.	2005).	
	 My	results	from	the	Kennedy	Space	Center	plots	suggest	an	even	greater	value	to	
restoration	via	increased	coarse	root	biomass	under	elevated	CO2.	My	data	from	Kennedy	
Space	Center	indicated	that	a	non-significant	trend	existed	in	the	form	of	12%	more	coarse	
root	biomass	under	elevated	CO2.	As	pasture	is	restored	to	longleaf	pine	flatwoods,	it	is	
expected	that	coarse	root	biomass	would	also	increase.	This	increase	is	likely	to	be	
compounded	by	increasing	atmospheric	CO2,	resulting	in	even	greater	carbon	storage	
potential	for	these	systems	as	atmospheric	CO2	continues	to	rise.			
Another	potential	benefit	can	be	seen	in	the	potential	for	faster	recovery	from	
disturbance.	Similar	to	the	scrub-oak	system	found	at	KSC,	the	longleaf	pine	flatwoods	are	a	
highly	disturbed	system,	experiencing	frequent	fire	disturbance	events.	It	is	likely	that	the	
enhanced	aboveground	recovery	from	fire	seen	at	KSC	would	also	be	found	in	these	
systems	as	atmospheric	CO2	continues	to	rise,	particularly	due	to	the	post-fire	sprouting	of	
the	dominant	longleaf	pine.	A	key	balancing	point	in	the	restoration	of	these	systems	is	the	
proper	fire	interval,	especially	for	maximizing	carbon	storage.	Fire	is	necessary	for	
maintaining	longleaf	pine	flatwoods	systems,	but	it	also	has	the	potential	to	release	a	great	
deal	of	previously	stored	carbon	back	into	the	atmosphere,	primarily	from	aboveground	
structures.	Enhanced	aboveground	recovery	under	elevated	CO2	would	help	mitigate	these	
losses	by	allowing	more	rapid	recapture	of	lost	carbon	as	aboveground	structures	are	
replaced	via	regeneration	and	reproduction.	
	
Conclusions	
	 The	coarse	root	biomass	data	collected	in	this	study	provide	a	baseline	value	for	
carbon	storage	within	restored	longleaf	pine	flatwoods.	In	order	to	better	understand	the	
full	potential	for	carbon	storage	in	the	Disney	Wilderness	Preserve,	coarse	root	biomass	
data	needs	to	be	gathered	for	not	just	this	system,	but	the	other	unrestored	and	restored	
systems	within	the	Preserve.	This	will	allow	for	a	full	view	of	carbon	storage	within	the	
Preserve	and	will	aid	in	management	decisions	going	forward.	Additionally,	these	data	
should	continue	to	be	collected	over	time	within	these	systems	in	order	to	determine	both	
long-term	potential	as	well	as	the	ideal	prescribed	fire	interval.	Because	the	need	for	fire	
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must	be	balanced	against	the	loss	of	carbon	storage,	there	exists	a	return	interval	at	which	
the	benefits	of	each	are	maximized.	Long-term	observation	of	these	systems	under	multiple	
fire	regimes	is	likely	the	only	way	to	definitively	determine	what	the	ideal	fire	interval	is.	
The	carbon	storage	potential	for	longleaf	pine	flatwoods	has	been	clearly	demonstrated	in	
this	system.	Further	research	will	continue	to	illustrate	just	how	valuable	this	service	is	in	
light	of	climate	change.	
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CHAPTER	5	
	
ROOT	ARCHITECTURE	
	
	
Introduction	
	
	 Fitter	(1987)	asserts	that	to	understand	roots	from	an	ecological	perspective,	one	
has	to	focus	on	the	morphology	of	the	root	system,	rather	than	on	individual	roots,	thus	
suggesting	the	importance	of	understanding	root	architecture.	This	understanding	is	
crucial	to	understanding	belowground	resource	acquisition	as	well	as	carbon	storage.	Root	
architecture	is	typically	defined	as	the	explicit	spatial	configuration	of	root	systems	
resulting	from	a	complex	assemblage	of	subunits	(Lynch	1995).	A	plant’s	ability	to	capture	
and	transport	essential	resources	is	dependent	on	the	shape	and	structure	of	its	root	
system	(Fitter	et	al.	1991).	Lynch	(1995)	pointed	out	that	the	formation	of	a	unique	or	
complex	spatial	arrangement	of	roots	ensures	successful	exploitation	of	resources,	because	
soil	resources	are	not	evenly	distributed	and	are	often	difficult	to	access	due	to	physical	
impediments.	Due	to	this	relationship	between	resource	exploitation	efficiency	and	root	
architecture,	there	is	a	great	deal	of	interest	in	mapping	tree	root	systems	(Hruska	et	al.	
1999,	Stokes	et	al.	2002,	Butnor	et	al.	2001,	2008).	Previous	studies	of	root	systems	in	the	
field	have	largely	proven	unsuccessful	due	to	the	inability	to	effectively	measure	spatial	
distribution	and	behavior	in	a	non-destructive	way	(Fitter	and	Strickland	1992).	
Additionally,	attempts	to	develop	a	classification	system	for	root	architecture	have	met	
little	success	due	to	the	high	level	of	plasticity	exhibited	by	root	systems	(Cannon	1949,	
Weaver	1958,	Krasilnikov	1970,	Fitter	1987).	In	order	to	develop	effective,	manipulative	
studies	that	will	lead	to	a	higher	understanding	of	the	processes	that	drive	root	system	
development,	a	better	understanding	of	spatial	and	temporal	distribution	is	necessary	
(Hutchins	and	John	2003).			
Wielopolski	et	al.	(2000)	successfully	obtained	3-D	images	from	radar	scans	using	
fresh	tree	twigs	buried	in	a	sand	box	to	simulate	roots,	but	ultimately	concluded	that	
improvements	to	GPR	hardware,	software,	and	signal	processing	were	needed	before	
precise	3-D	root	images	could	be	obtained	using	radargram	data.	Stover	(2007)	further	
showed	the	potential	of	GPR	to	map	root	distribution	patterns	by	comparing	horizontal	
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slices	produced	in	RADAN	software	to	observed	roots.	Schroeder	(2011)	was	also	able	to	
successfully	map	coarse	root	structures	and	use	the	top-down	view	(via	digital	photograph	
from	above	the	excavated	plot)	to	estimate	horizontal	root	distribution	or	“root	cover”	
within	an	experimental	plot.	Significant	upgrades	have	been	made	to	both	the	2-D	and	3-D	
imaging	capabilities	within	RADAN	software	since	these	studies.		
	 This	study	utilized	a	similar	technique	as	that	used	by	Schroeder	(2011)	to	quantify	
root	cover.	Assuming	significant	upgrades	to	RADAN	software	in	the	more	than	3	years	
since	this	work	was	last	done,	I	hypothesized	that	recent	improvements	in	equipment	and	
techniques	will	yield	the	ability	to	map	roots	in	situ	via	GPR	with	both	accuracy	and	
precision.	By	utilizing	a	similar	technique,	comparable	results	were	anticipated	in	order	to	
assess	and	quantify	any	improvements	in	the	method.	Improved	accuracy	and	precision	in	
measuring	root	cover	would	allow	for	spatial	analysis	of	coarse	root	systems	in	addition	to	
biomass	estimation.	Additionally,	this	could	eventually	lead	to	long-term	observation	and	
quantification	of	root	system	growth	and	expansion,	allowing	for	a	stronger	understanding	
of	root	growth	patterns.	
	
Methods		
	
Data	Collection	
	 A	single	4	m2	test	plot	was	established	in	the	Blackwater	Preserve.	The	plot	was	
located	so	that	the	entire	area	of	the	plot	was	relatively	flat	and	had	no	large	trees	or	other	
plant	life	within	the	plot	borders.	There	were	three	oak	trees	(Quercus	falcata),	each	
between	20	–	40	cm	diameter	at	breast	height,	surrounding	the	test	plot,	with	each	trunk	
located	within	1	m	of	the	edge	of	the	test	plot	in	order	to	ensure	ample	coarse	root	
structures	within	the	test	plot.	100	transect	scans	were	taken	in	each	of	the	X	and	Y	
directions	using	the	same	protocols	established	in	chapter	2.	These	scans	were	set	at	two	
cm	intervals	to	establish	a	dense	grid	of	scanned	transects	in	order	to	build	a	3-D	image	of	
the	scanned	root	system.	The	test	plot	was	then	excavated	to	a	depth	of	30	cm	using	hand	
shovels	and	a	shop-vac,	leaving	all	coarse	roots	greater	than	5	mm	in	diameter	in	place	and	
removing	all	roots	less	than	5	mm	by	clipping.	Digital	photographs	of	the	remaining	roots	
were	taken	from	a	step	ladder	positioned	at	the	edge	of	the	plot.	
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Analysis	
	 The	200	collected	GPR	scans	were	processed	as	a	single	batch	using	the	image	
processing	steps	established	in	chapter	2	and	were	compiled	into	a	3-D	image	within	
RADAN.	This	image	was	manipulated	along	the	X,	Y,	and	Z	axes	in	order	to	view	the	
predicted	root	architecture.	For	comparison	to	the	digital	photographs	of	the	exposed	
coarse	roots,	a	top-down	image	of	the	image	was	exported	to	SigmaScan	and	the	pixels	
representing	roots	were	quantified	using	the	protocols	established	in	chapter	2.			
The	digital	photographs	were	imported	into	Microsoft	Paint	and	all	roots	present	
within	the	plot	image	were	hand	digitized.	The	resulting	image	was	imported	into	
SigmaScan	and	the	pixels	representing	roots	were	quantified	in	the	same	manner	as	before.	
By	overlaying	the	GPR-generated	image	over	the	hand	digitized	image	of	the	excavated	
roots	a	total	number	of	pixels	identified	as	roots	in	both	methods	was	also	established.	
These	pixel	counts	were	then	compared	to	determine	accuracy	and	precision	of	GPR	in	
representing	root	cover	and	architecture.	
	
Results	
	
	 GPR	was	able	to	successfully	identify	large	sections	of	21	of	the	43	roots	present,	
representing	a	49%	success	rate.	Nine	of	the	ten	largest	diameter	roots	were	correctly	
identified,	whereas	only	twelve	of	the	thirty-three	smaller	diameter	roots	could	be	
quantified.	By	hand-digitizing	the	actual	photograph	of	the	excavated	roots,	a	coarse	root	
pixel	count	of	20,251	was	found	(Fig.	28).	The	GPR	generated	image	yielded	a	coarse	root	
pixel	count	of	30,986,	which	represented	an	overestimation	of	53%.	15,902	pixels	were	
identified	as	coarse	roots	in	both	methods,	suggesting	that	GPR	was	able	to	accurately	
identify	78.5%	of	the	20,251	pixels	representing	coarse	root	mass	(Fig.	29).	Additionally,	
the	15,902	correct	pixels	represented	51%	of	the	total	number	of	pixels	identified	by	GPR	
as	coarse	roots.			
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Figure	28:	Hand-digitized	image	of	excavated	coarse	roots	within	the	4m2	test	plot.		
(Roots	shown	in	black)	
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Figure	29:	GPR	determined	pixels	representing	coarse	roots.		Correctly	identified		
pixels	shown	in	black	and	incorrectly	identified	pixels	shown	in	red.	
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Figure	30:	GPR	produced	horizontal	depth	slices	showing	the		
roots	detected	at	A)	5	cm,	B)	15	cm,	and	C)	25	cm	depths.	
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Discussion	
	
	 This	study	was	aimed	at	determining	the	effectiveness	of	GPR	to	assess	root	cover	
and	model	root	architecture.	GPR	overestimated	the	number	of	pixels	representing	total	
root	cover	by	53%;	however,	it	was	able	to	accurately	identify	78.5%	of	the	pixels	
identified	as	coarse	roots	by	hand-digitization.	It	would	appear	that	the	overestimation	is	
largely	due	to	significant	edge	effects	on	two	sides	of	the	test	plot	(the	left	and	bottom	
edges	of	Figure	29)	as	well	as	some	inability	to	accurately	identify	root	edges.	Through	
threshold	manipulation,	the	total	number	of	pixels	identified	by	GPR	could	be	dropped	to	a	
more	accurate	total	pixel	count	(21,875	pixels	with	an	intensity	threshold	of	0-188);	
however,	this	required	excluding	a	number	of	pixels	that	were	clearly	representative	of	
root	structures.	Thus	it	was	possible	to	achieve	a	reasonably	accurate	total	pixel	count,	but	
this	would	not	have	best	represented	the	root	structures	present.			
A	total	root	count	produced	more	reliable	results	and	was	not	so	dependent	on	the	
subjective	selection	of	the	pixel	intensity	threshold.	Of	the	43	coarse	roots	identified	in	the	
test	plot,	only	21	were	correctly	identified,	suggesting	poor	coarse	root	detection.	However,	
9	of	the	10	largest	diameter	roots	were	correctly	identified,	and	when	combined	with	the	
accurate	identification	of	78.5%	of	the	digitized	root	pixels,	GPR	appears	to	have	been	more	
accurate.	The	answer	is	likely	somewhere	in	the	middle.	GPR	appears	to	have	been	
reasonably	accurate	for	the	largest	roots,	which	made	up	a	significant	portion	of	the	total	
pixels	by	nature	of	their	larger	size;	however,	it	was	rather	ineffective	with	smaller	coarse	
roots,	correctly	identifying	only	36%	of	the	33	smaller	roots	present.	Because	the	largest	
roots	weighed	so	heavily	in	the	pixel	count,	these	missed	smaller	roots	do	not	represent	a	
large	portion	of	missed	pixels.		
These	results	suggest	that	the	technology	is	not	yet	able	to	yield	accurate	or	precise	
measures	of	root	architecture	for	all	size	classes	of	coarse	roots,	but	that	it	is	capable	of	
producing	accurate	results	for	larger	coarse	root	structures.	The	edge	effects	seen	in	this	
experiment	are	of	concern,	but	likely	can	be	better	avoided	in	future	studies	and	
applications.	It	is	important	to	note	that	GPR	rarely	identified	roots	where	none	were	
present,	rather	it	was	not	particularly	accurate	identifying	smaller	coarse	roots	and	in	
determining	the	specific	boundaries	of	individual	roots.	This	inaccuracy	was	particularly	
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true	in	the	bottom	half	of	the	test	plot,	where	the	majority	of	large	roots	were	present.	It	is	
likely	that	some	of	this	inability	to	accurately	place	root	edges	may	be	due	to	the	
transformations	necessary	to	marry	the	GPR	and	photo	images;	however,	this	alone	cannot	
account	for	all	of	the	inaccuracy.	It	is	also	important	to	note	that	the	digital	photograph	
used	for	comparison	to	the	GPR	produced	images	was	not	taken	from	directly	above	the	
center	of	the	test	plot.	The	difference	in	angle	between	the	digital	photographs	and	GPR	
produced	images	and	the	inability	to	perfectly	marry	the	two	images	spatially	may	also	be	
responsible	for	some	inability	to	precisely	locate	roots	that	were	correctly	identified	but	
not	accurately	placed.	
I	was	also	able	to	use	GPR	to	roughly	represent	vertical	root	architecture	via	
horizontal	depth	slices	taken	at	varying	depths	(Figure	30).	As	the	3-D	image	was	
manipulated	along	the	Z-axis,	the	GPR	reflections	for	a	particular	root	clearly	strengthened	
and	weakened	as	the	correct	depth	was	approached	and	passed,	allowing	for	an	estimate	of	
the	actual	depth	of	each	individual	root.	Scrolling	the	3-D	image	along	the	Z-axis	allowed	
one	to	visualize	each	root	appearing	and	disappearing	as	its	particular	depth	was	passed.	
While	not	able	to	accurately	represent	the	relative	depths	of	all	roots,	as	not	all	roots	were	
identified,	GPR	was	able	to	accurately	place	the	largest	roots	identified	at	their	relative	
depths,	allowing	for	an	accurate	rough	scale	representation	of	the	vertical	root	architecture	
of	the	largest	coarse	roots	present.			
Hruska	et	al.	(1999)	and	Cermak	et	al.	(2000)	also	used	GPR	to	map	tree	root	
systems,	but	utilized	a	method	of	drawing	the	root	system	by	hand	from	individual	2-D	
radar	scan	data.		Zenone	et	al.	(2008)	analyzed	3-D	top-down	GPR	images	in	a	similar	
method	to	the	one	used	in	this	study;	however,	GPR	scans	were	not	nearly	as	tightly	packed	
and	as	a	result	the	image	resolution	was	low	and	only	qualitative	analyses	were	conducted	
on	the	data.	Schroeder	(2011)	was	able	to	produce	a	highly	accurate	estimate	of	root	cover	
using	the	same	pixel-count	method	in	a	scrub-oak	system	in	central	Florida;	however,	that	
is	a	system	of	much	higher	root	density	and	only	total	pixel	counts	were	reported.	The	
percentage	of	pixels	identified	as	roots	in	both	methods	was	not	reported,	thus	it	is	not	
possible	to	compare	the	precision	of	that	study	with	this	one.			
This	study	and	the	one	conducted	by	Schroeder	(2011)	are	the	only	studies	that	
have	sought	to	quantify	total	root	cover	by	analyzing	top-down	3-D	images	of	intact	root	
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systems.	While	Schroeder	(2011)	was	able	to	produce	an	accurate	estimate	of	total	root	
cover	via	pixel-count	analysis,	this	study	suggests	that	the	technique	is	still	lacking	the	
accuracy	necessary	for	confident	results	in	at	least	some	systems,	as	the	high	level	of	
accuracy	found	by	Schroeder	was	not	repeated	in	this	study.			
Despite	the	low	accuracy,	it	is	useful	to	note	that	the	images	produced	using	GPR	
showed	a	consistent	pattern	of	either	1)	missing	smaller	coarse	root	structures	2)	missing	
part	of	large	root	structures	or	3)	over-estimating	actual	roots.	GPR	use	did	not	identify	a	
root	that	was	not	present.	This	consistency,	even	in	error,	could	allow	for	GPR	to	be	used	
when	it	is	necessary	to	identify	areas	where	either	few	or	many	roots	are	present.	I	was	
clearly	able	to	demonstrate	that	the	top	half	of	the	test	plot	had	a	low	coarse	root	density	
and	that	the	bottom	half	of	the	test	plot	had	a	much	higher	coarse	root	density.	While	these	
results	are	not	accurate	enough	for	precise	root	cover	estimation,	they	are	still	informative	
on	a	rough	scale	and	can	be	used	in	a	variety	of	ways.	The	top-down	method	is	useful	for	
producing	rough	estimates	of	horizontal	root	distribution	without	excavation	that	can	be	
applied	as	a	guide	for	determining	areas	where	coarse	roots	are	likely	to	be	found.	This	will	
allow	for	more	efficient	and	accurate	targeted	sampling	of	large	roots	as	well	as	avoidance	
of	root	structures	for	soil	core	collection.	Additionally,	the	accuracy	of	GPR	to	represent	
both	horizontal	and	vertical	root	architecture	jumped	markedly	when	only	the	largest	
coarse	roots	were	considered,	suggesting	the	possibility	for	accurate	representation	of	
large	coarse	roots,	particularly	in	areas	of	low	root	density	similar	to	the	Blackwater	
Preserve.	
	
Conclusions	
Schroeder	(2011)	pointed	to	the	need	for	further	research	in	the	protocols	of	data	
collection	and	proper	software	settings	for	improved	results,	specifically	identifying	the	
need	for	adaptations	and	varied	settings	specific	to	individual	study	sites.	Guo	et	al.	(2013)	
further	suggested	that	new	methods	of	data	collection,	such	as	concentric	circle	transect	
patterns,	needed	to	be	explored,	and	that	software	and	algorithms	specifically	designed	to	
identify	root	reflectors	and	link	object	between	adjacent	transects	were	necessary	for	
accurate	3-D	modeling	of	root	systems.	This	study	suggests	that	these	improvements	are	
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still	necessary	for	GPR	to	be	able	to	accurately	reconstruct	root	architecture	or	estimate	
total	root	cover.	
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CHAPTER	6	
	
CONCLUSIONS	
	
	
GPR	as	a	Tool	for	Coarse	Root	Quantification	
The	most	accurate	biomass	estimate	was	obtained	in	the	Blackwater	Preserve	study	
site.	This	was	not	surprising	as	this	system	is	ideal	for	GPR	use,	possessing	well-drained,	
sandy	soils	with	moderate	but	not	extreme	coarse	root	density.	The	Kennedy	Space	Center	
and	Disney	Wilderness	Preserve	regressions	yielded	estimates	that	were	less	precise,	but	
were	still	not	significantly	different	from	the	observed	biomass,	suggesting	that	GPR	is	a	
suitable	tool	for	overall	biomass	estimation	across	all	three	systems	(Fig.	31).	
	
	
	
	
	
Figure	31:	GPR	predicted	biomass	compared	to	observed	biomass	across	the	three	study	sites.		
Error	bars	represent	plus	or	minus	one	standard	error.	
	
	
	
	
Both	Stover	et	al.	(2007)	and	Day	et	al.	(2013)	produced	GPR	estimates	for	coarse	
root	biomass	at	the	KSC	study	site	that	were	lower	than	the	actual	biomass	observed.	Both	
previous	applications	of	GPR	at	this	site	used	a	regression	that	was	forced	through	the	
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origin;	in	essence	assuming	all	biomass	was	accounted	for	in	the	pixel	count	produced	from	
the	radargrams.	This	can	produce	accurate	estimates	of	biomass,	but	it	is	likely	more	
appropriate	to	assume	some	amount	of	coarse	root	biomass	has	been	missed	by	GPR	and	
thus	a	positive	y-intercept	is	preferable.	GPR	estimates	of	coarse	root	biomass	in	this	study	
were	slightly	higher	than	the	actual	biomass,	and	despite	this	being	a	system	typified	by	
high	coarse	root	density,	the	observed	y-intercept	of	59.886	is	likely	a	bit	high.	It	is	unlikely	
that	nearly	60	grams	of	coarse	root	biomass	were	missed	in	each	15-cm	diameter	core;	
thus,	this	regression	may	be	predicting	too	much	missed	biomass,	which	is	likely	at	least	
partly	responsible	for	overestimation.	In	spite	of	this	overestimation,	it	is	important	to	note	
that,	while	similar	in	strength	to	previous	biomass	regressions	for	this	system,	this	most	
recent	regression	proved	to	be	the	strongest	produced	for	this	system	with	an	R2	=	0.53.	
Biomass	prediction	at	the	Disney	Wilderness	Preserve	proved	to	be	the	least	
reliable	of	the	three	systems	tested	in	this	study,	estimating	well	below	the	observed	coarse	
root	biomass.	This	was	not	significantly	different,	but	likely	could	have	been	with	more	
samples.	This	underestimation	was	large	enough	to	call	into	question	the	utility	of	GPR	in	
this	system,	except	this	underestimation	is	likely	the	result	of	a	single	variable.	When	the	
four	plots	with	large	Serenoa	repens	rhizomes	at	the	surface	were	excluded	the	regression	
was	much	more	reasonable,	although	the	same	issue	of	a	high	y-intercept	value	that	was	
seen	at	KSC	appeared	in	this	regression	as	well	(y	=	49.575).			
Serenoa	repens	rhizomes	are	often	found	at	or	near	the	surface	in	pine	flatwoods,	
and	Butnor	(2016)	has	shown	that	GPR	has	trouble	identifying	large	structures	at	or	very	
near	the	soil	surface	interface,	suggesting	that	these	rhizomes	may	be	problematic	for	GPR	
based	on	their	position.	Additionally,	due	to	their	overlapping	husk	structure	these	
rhizomes	may	not	hold	enough	moisture	to	be	differentiated	from	the	surrounding	soil	by	
GPR.	These	two	factors	were	most	likely	the	cause	of	the	difficulty	GPR	appeared	to	have	
with	Serenoa	repens	rhizomes	near	the	soil	surface.		Because	of	this	difficulty	identifying	
these	rhizomes,	accurate	belowground	biomass	estimation	for	this	system	needs	to	factor	
in	this	deficiency.	A	suitable	solution	would	be	to	combine	GPR	estimates	of	coarse	root	
biomass	with	a	value	for	rhizome	biomass	(g/m2)	derived	from	other	means.			
Freeform	scanning	with	no	removal	of	vegetation	appears	to	provide	a	viable	
method	for	coarse	root	biomass	estimation	without	disturbing	the	aboveground	biomass,	
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as	it	was	not	significantly	different	from	the	observed	biomass.	This	method	was	not	as	
accurate	as	estimates	derived	from	grid	scanning	with	the	vegetation	clipped,	but	this	is	
potentially	a	worthwhile	tradeoff	for	avoiding	disturbance	to	the	aboveground	vegetation.	
Despite	this	potential	benefit,	more	testing	of	freeform	scanning	techniques	needs	to	be	
completed	as	the	high	standard	error	in	the	estimate	suggests	that	a	significant	difference	
may	still	exist	and	that	a	larger	sampling	effort	could	potentially	produce	a	biomass	
estimate	that	is	significantly	different	from	the	observed	biomass.	This	potential	inaccuracy	
would	effectively	eliminate	this	method	as	a	viable	alternative,	even	when	the	aboveground	
vegetation	needs	to	be	preserved.	Butnor	et	al.	(2001)	found	that	GPR	estimates	improve	
markedly	when	a	composite	of	multiple	transects	is	used	to	estimate	biomass,	and	the	
relative	inaccuracy	of	the	freeform	transect	method	when	compared	to	grid	scanning	
supports	these	findings.	Additionally,	Guo	et	al.	(2013)	have	pointed	out	that	most	in-situ	
coarse	root	investigations	using	GPR	have	been	conducted	using	a	rectilinear	grid	pattern,	
with	some	(Zenone	et	al.	2008)	utilizing	concentric	circle	transects	of	increasing	diameter.	
Both	of	these	methods	represent	significant	scanning	effort	when	compared	to	single	
perpendicular	freeform	scanning,	but	have	become	the	preferred	method	due	to	
significantly	increased	accuracy.	While	this	study	indicates	that	freeform	scanning	is	less	
preferable	to	grid	scanning	for	precise	estimation,	it	has	not	sufficiently	eliminated	
freeform	scanning	as	a	potentially	useful	method.	Grid	scanning	is	not	a	viable	option	when	
the	removal	of	aboveground	vegetation	is	not	possible,	and	thus	freeform	scanning	should	
still	be	explored	for	the	potential	to	accurately	measure	coarse	root	biomass	while	also	
avoiding	aboveground	disturbance.	
	 Methodological	testing	of	various	environmental	parameters	clearly	illustrated	that	
perhaps	the	most	critical	aspect	of	GPR	success	in	quantifying	coarse	roots	is	the	difference	
in	water	content	between	roots	and	the	surrounding	soil.	Slight	increases	in	soil	moisture	
or	drops	in	root	moisture	resulted	in	a	significant	drop	off	in	GPR	successfully	identifying	
and	measuring	coarse	roots.	Coinciding	with	this	finding	was	the	inability	of	GPR	to	
recognize	bundles	of	fine	roots	that	could	mimic	the	shape	of	a	coarse	root.	This	was	also	
likely	due	to	the	lack	of	significant	moisture	differential	between	the	fine	roots	and	the	
surrounding	soil.	GPR	also	showed	an	inability	to	reliably	identify	coarse	root	diameters,	
grossly	underestimating	the	largest	class	of	roots	tested.	GPR	was	able	to	identify	increases	
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in	root	density	and	was	not	significantly	affected	by	root	shadowing,	suggesting	that	the	
technology	can	be	applied	in	systems	with	higher	root	density.	
	
Climate	Change	and	Coarse	Roots	
	 Coarse	roots	appear	to	play	a	role	in	the	potential	mitigation	of	climate	change	
despite	the	inability	of	this	work	to	produce	a	significant	result	for	belowground	biomass.	
The	trend	of	increased	belowground	biomass	for	elevated	CO2	plots	seen	in	the	study	at	
KSC	mirrored	a	trend	seen	during	the	original	CO2	enrichment	experiment,	suggesting	the	
potential	for	a	significant	difference	beyond	the	power	of	this	experimental	design.	
Increased	coarse	root	biomass	would	mean	increased	carbon	storage	potential,	particularly	
in	structures	unlikely	to	be	affected	by	disturbance	events	such	as	fire	and	storms.	This	
increased	belowground	carbon	storage	becomes	particularly	valuable	in	high	disturbance	
systems	such	as	KSC.	Additionally,	the	significant	difference	in	aboveground	vegetation	
seen	between	the	elevated	and	ambient	CO2	plots	clearly	demonstrates	that	a	legacy	effect	
exists.	This	is	also	valuable	in	high	disturbance	systems,	as	more	rapid	aboveground	
regrowth	under	elevated	CO2	will	result	in	faster	recovery	from	disturbance	and	higher	
recapture	of	carbon	lost	to	the	atmosphere.	The	existence	of	legacy	effects	seven	years	post	
experiment	also	suggests	that	elevated	CO2	could	result	in	significant	changes	to	ecosystem	
function,	resource	allocation,	and	resource	limitation.	This	could	result	in	large-scale	
reorganization	of	niches	and	ecosystem	balance,	ultimately	having	profound	effects	within	
plant	communities	around	the	globe.		
	
Role	of	Coarse	Roots	in	Carbon	Budgets	
	 The	GPR	data	gathered	at	the	Disney	Wilderness	Preserve	clearly	demonstrate	that	
coarse	roots	have	a	significant	role	in	the	overall	carbon	budget	for	this	system.	Coarse	root	
biomass	estimates	produced	in	this	study	appear	to	support	the	claim	by	Robinson	(2007)	
that	traditional	estimates	of	root	biomass	are	below	actual	values.	If	true,	coarse	root	
biomass	could	account	for	a	much	larger	portion	of	the	global	carbon	budget	than	
previously	thought.	Data	from	the	three	study	sites	suggest	that	there	is	a	significant	
amount	of	belowground	biomass	in	the	form	of	coarse	roots	that	needs	to	be	accurately	
accounted	for	in	local	and	global	scale	carbon	budgets,	particularly	in	the	face	of	climate	
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change.	Accurate	quantification	of	coarse	root	biomass,	architecture,	and	growth	patterns	
is	essential	for	accurate	assessment	of	any	changes	to	root	systems	as	a	result	of	climate	
change.	 	
	
Recommendations	for	Future	Work	
	 Further	testing	of	GPR	needs	to	continue	as	the	overall	abilities	and	limitations	of	
the	technology	are	becoming	more	and	more	well	known,	but	have	not	yet	been	adequately	
quantified	on	a	fine	scale.	Additionally,	GPR	should	continue	to	be	applied	to	new	and	
various	systems	as	it	has	been	proven	reliable	in	a	number	of	tasks,	particularly	large	scale	
biomass	estimation,	but	has	not	yet	been	widely	applied	outside	of	a	small	range	of	
systems,	typically	composed	of	sandy	soils.			
	 The	striking	underestimation	of	large	root	diameters	during	the	methodological	
study	conducted	in	the	Blackwater	Preserve	warrants	further	study,	as	a	number	of	
previous	GPR	studies	have	shown	that	GPR	has	the	ability	to	accurately	quantify	coarse	
root	diameters	(Butnor	et	al.	2001,	Baron	and	Montagu	2004,	Cox	et	al.	2005,	Dannoura	et	
al.	2008,	Hirano	et	al.	2009,	and	Cui	et	al.	2011).	This	body	of	work	suggests	that	the	
underestimation	seen	in	this	study	was	an	exception	and	it	would	be	of	particular	use	to	be	
able	to	understand	why	these	roots	were	significantly	underestimated.	
	 Further	study	into	root	moisture	content	also	appears	to	be	warranted,	as	many	of	
the	parameters	tested	in	this	study	appeared	to	be	linked	to	the	water	content	of	either	the	
soil,	the	roots,	or	the	differential	between	the	two.	This	study	only	approximated	root	
moisture	content	by	using	fresh	root	segments	wrapped	in	parafilm	or	oven-dried	roots	re-
acclimated	to	ambient	soil	moisture	levels.	As	such,	root	moisture	content	was	not	
specifically	measured,	but	could	prove	useful	for	determining	the	specific	relationship	
between	soil	moisture	levels,	root	moisture	content,	and	GPR	effectiveness.	
	 The	legacy	effects	seen	in	the	elevated	CO2	plots	at	the	Kennedy	Space	Center	study	
site	demonstrate	a	need	for	better	understanding	of	coarse	root	dynamics,	specifically	the	
potential	for	future	changes	to	coarse	root	dynamics	as	a	result	of	continued	climate	
change	as	well	as	the	possibility	that	elevated	CO2	has	already	begun	altering	coarse	roots	
and	carbon	allocation	strategies.	GPR	could	prove	critical	to	understanding	these	changes	
as	it	offers	the	potential	for	long-term	monitoring	without	a	need	for	destructive	
	 83	
observation.	Utilizing	GPR	to	monitor	and	quantify	changes	in	root	systems	as	atmospheric	
CO2	continues	to	rise	will	allow	for	better	understanding	of	the	carbon	budgets	of	
terrestrial	systems	as	well	as	possibly	opening	up	an	opportunity	to	assess	any	potential	
changes	to	carbon	allocation	strategies	of	terrestrial	plants	in	response	to	climate	change.	
	 At	this	time,	this	research	indicates	that	the	most	pressing	need	for	future	work	
related	to	GPR	come	in	the	form	of	continued	software	and	hardware	improvements	as	
well	as	continued	research	into	the	ideal	range	of	parameters	necessary	for	maximizing	the	
utility	of	GPR	collected	data.	There	is	a	large	subjective	component	to	GPR	collected	data	
related	to	coarse	root	systems	and	a	steep	learning	curve	for	effective	application	of	both	
hardware	and	software.	There	also	does	not	appear	to	be	a	specific	protocol	for	data	
collection	that	applies	universally,	rather,	successful	GPR	application	is	site	specific	and	
demands	a	user	with	a	strong	knowledge	of	the	equipment	and	how	to	appropriately	
manipulate	settings	in	order	to	gather	accurate	data.	Further	clarification	and	examination	
of	the	various	protocols	that	are	effective,	combined	with	how	they	are	affected	by	
changing	systems	and	environmental	factors,	will	greatly	increase	the	utility	of	GPR	for	
root	quantification.	GPR	is	not	the	perfect	tool	for	coarse	root	observation,	but	it	is	an	
accurate	and	effective	tool	for	gathering	a	variety	of	data	related	to	coarse	roots	and	should	
continue	to	be	utilized	along	with	other	established	methods.	
	 	84	
LITERATURE	CITED	
Abrahamson,	W.	G.	and	D.	C.	Hartnett.	1990.	Pine	flatwoods	and	dry	prairies.	Pages	103-	
149	in	R.	L.	Myers	and	J.	J.	Ewel,	editors.	Ecosystems	of	Florida.	University	of	Central	
Florida	Press,	Orlando,	FL,	USA.	
	
Ainsworth,	E.	A.,	and	A.	Rogers.	2007.	The	response	of	photosynthesis	and	stomatal		
conductance	to	rising	[CO2]:	mechanisms	and	environmental	interactions.	Plant,	Cell	
and	Environment	30:258-270.	
	
Ainsworth,	E.	A.,	P.	A.	Davey,	G.	J.	Hymus,	B.	G.	Drake,	and	S.	P.	Long.	2002.	Long-	term		
response	of	photosynthesis	to	elevated	carbon	dioxide	in	a	Florida	scrub-oak	
ecosystem.	Ecological	Applications	12:1267-1275.		
	
al	Hagrey,	S.	A.	2007.	Geophysical	imaging	of	root-zone,	trunk,	and	moisture	heterogeneity.		
Journal	of	Experimental	Botany	58:839–854.	
	
Annan,	A.	P.	and	S.	W.	Cosway.	1994.	GPR	frequency	selection.	Pages	747-760	in	Kitchener,		
editor.	Proceedings	of	the	5th	International	Conference	on	Ground	Penetrating	
Radar,	Waterloo	Center	for	Groundwater	Research,	Waterloo,	Canada.	
	
Barton,	C.	M.	and	K.	D.	Montagu.	2004.	Detection	of	tree	roots	and	determination	of	root	
diameters	by	ground	penetrating	radar	under	optimal	conditions.	Tree	Physiology	
24:1323-1331.	
	
Becker,	K.	E.	2011.	Variability	of	carbon	stock	in	Florida	flatwoods	ecosystems		
undergoing	restoration	and	management.	Masters	thesis.	University	of	Central	
Florida.	Orlando,	Florida.	USA.	
	
Berntson,	G.	M.	1994.	Modelling	root	architecture:	Are	there	tradeoffs	between	efficiency		
and	potential	of	resource	acquisition?	New	Phytologist	127:483-493.		
	
Berntson,	G.	M.	and	F.	A.	Bazzaz.	1996.	The	allometry	of	root	production	and	loss	in	
seedlings	of	Acer	rubrum	(Aceraceae)	and	Betula	papyrifera	(Betulaceae):	
implications	for	root	dynamics	in	elevated	CO2.	American	Journal	of	Botany	83:608-
616.	
	
Berntson,	G.	M.,	E.	J.	Farnsworth,	F.	A.	Bazzaz.	1995.	Allocation,	within	and	between	organs,		
and	the	dynamics	of	root	length	changes	in	two	birch	species.	Oecologia	101:439–	
447.		
	
Black	Jr,	C.	C.	1973.	Photosynthetic	carbon	fixation	in	relation	to	net	CO2	uptake.	Annual		
Review	of	Plant	Physiology	24:253-286.	
	
Bledsoe,	C.	S.,	T.	J.	Fahey,	R.	Ruess,	and	F.	P.	Day.	1999.	Measurement	of	static	root	
parameters	-	biomass,	length,	distribution.	Pages	413-436	in	G.	P.	Robertson,	C.	S.	
	 	85	
Bledsoe,	D.	C.	Coleman,	and	P.	Sollins,	editors.	Standard	Soil	Methods	for	Long-Term	
Ecological	Research.	Oxford	University	Press,	New	York,	USA.	
	
Borden,	K.	A.,	M.	E.	Isaac,	N.	V.	Thevathasan,	A.	M.	Gordon,	S.	C.	Thomas.	2014.	Estimating		
coarse	root	biomass	with	ground	penetrating	radar	in	a	tree-based	intercropping	
system.	Agroforestry	Systems	88:657-669.		
	
Brown,	A.	L.	P.,	F.	P.	Day,	B.	A.	Hungate,	B.	G.	Drake,	and	C.	R.	Hinkle.	2007.	Root	biomass		
and	nutrient	dynamics	in	a	scrub-oak	ecosystem	under	the	influence	of	elevated	
atmospheric	C02.	Plant	and	Soil	292:219-232.		
	
Butnor,	J.	R.,	J.	A.	Doolittle,	L.	Kress,	S.	Cohen	and	K.	H.	Johnsen.		2001.		Use	of	ground-	
penetrating	radar	to	study	tree	roots	in	the	southeastern	United	States.		Tree	
Physiology	21:1269-1278.	
	
Butnor,	J.	R.,	J.	A.	Doolittle,	K.	H.	Johnsen,	L.	Samuelson,	T.	Stokes,	and	L.	Kress.		2003.	Utility	
of	ground-penetrating	radar	as	a	root	biomass	survey	tool	in	forest	systems.		Soil	
Science	Society	of	America	Journal	67:1607-1615.	
	
Butnor	J.	R.,	B.	Roth,	and	K.	Johnsen.	2005.	Feasibility	of	using	ground-penetrating	radar	to		
quantify	root	mass	in	Florida’s	Intensively	Managed	Pine	Plantation.	FBRC	Report	
#38.		
	
Butnor,	J.	R.,	D.	B.	Stover,	B.	Roth,	K.	H.	Johnsen,	F.	P.	Day,	and	D.	McInnis.	2008.	Using	
ground-penetrating	radar	to	estimate	tree	root	mass:	comparing	results	from	two	
Florida	surveys.	Pages	375-382	in	B.	Allred,	J.	J.	Daniels,	and	M.	R.	Ehsani,	editors.	
Handbook	of	Agricultural	Geophysics,	CRC	Press,	London,	U.K.	
	
Brown,	A.	L.	P.,	F.	P.	Day,	and	D.	B.	Stover.	2009.	Fine	root	biomass	estimates	from		
minirhizotron	imagery	in	a	shrub	ecosystem	exposed	to	elevated	CO2.	Plant	and	Soil	
317:145-153.		
	
Butnor,	J.	R.,	L.	J.	Samuelson,	T.	A.	Stokes,	K.	H.	Johnsen,	P.	H.	Anderson,	and	C.	A.		
González-Benecke.	2016.	Surface-based	GPR	underestimates	below-stump	root	
biomass.	Plant	and	Soil	402:47-62.	
	
Canadell,	J.,	and	L.	Lopez-Soria.	1998.	Lignotuber	reserves	support	regrowth	following		
clipping	of	two	Mediterranean	shrubs.	Functional	Ecology	12:31-38.		
	
Canadell,	J.	and	P.	H.	Zedler.	1995.	Underground	structures	of	woody	plants	in	
Mediterranean	ecosystems	of	Australia,	California,	and	Chile.	Pages	177-210	in	M.	T.	
K.	Arroyo,	P.	H.	Zedler,	and	M.	D.	Fox,	editors.		Ecology	and	Biogeography	of	
Mediterranean	Ecosystems	in	Chile,	California	and	Australia.		Springer	Verlag,	New	
York,	NY,	USA.	
	
	 	86	
Canadell,	J.	G.,	L.	F.	Pitelka	and	J.	S.	I.	Ingram.	1996.	The	effects	of	elevated	(CO2)	on	plant-
soil	carbon	below-ground:	a	summary	and	synthesis.	Plant	and	Soil	187:391-400.	
	
Cannon,	W.	A.	1949.	A	tentative	classification	of	root	systems.	Ecology	30:542-548.		
	
Cermak,	J.,	J.	Hruska,	M.	Martinkova,	and	A.	Prax.		2000.		Urban	tree	root	systems	and		
their	survival	near	houses	analyzed	using	ground	penetrating	radar	and	sap	flow	
techniques.		Plant	and	Soil	219:103-116.	
	
Cermak,	J.,	N.	Nadezhdina,	L.	Meiresonne,	R.	Ceulemans.	2008.	Scots	pine	root	distribution		
derived	from	radial	sap	flow	patterns	in	stems	of	large	leaning	trees.	Plant	and	Soil	
305:61–	75.		
	
Chapin,	F.	S.,	III,	A.	J.	Bloom,	C.	B.	Field,	and	R.	H.	Waring.	1987.	Plant	responses	to	multiple	
environmental	factors.	Bioscience	37:49-57.	
	
Church,	J.	A.	and	N.	J.	White.	2005.	A	20th-century	acceleration	in	global	sea-level	rise.			
Geophysical	Research	Letters	33:1.	
	
Collins,	M.	E.	2008.	History	of	Ground-Penetrating	Radar	Applications	in	Agriculure.		
CRC	Press,	Taylor	and	Francis	Group:	New	York,	NY,	USA.	
	
Conyers	L.	B.	2004.	Ground-Penetrating	Radar	for	Archaeology.	Altamira	Press,	Walnut		
Creek,	USA.	
	
Cox,	K.	D.,	H.	Scherm,	and	N.	Serman.	2005.	Ground-penetrating	radar	to	detect	and		
quantify	residual	root	fragments	following	peach	orchard	clearing.	Horticultural	
Technology	15:600-607.		
	
Cubasch,	U.,	D.	Wuebbles,	D.	Chen,	M.	C.	Facchini,	D.	Frame,	N.	Mahowald,	and	J.	G.		
Winther.	2013.	Introduction.	Page	35	in	Stocker,	T.F.,	D.	Qin,	G.	K.	Plattner,	M.	Tignor,	
S.	K.	Allen,	J.	Boschung,	A.	Nauels,	Y.	Xia,	V.	Bex	and	P.	M.	Midgley,	editors.	Climate	
Change	2013:	The	Physical	Science	Basis.	Contribution	of	Working	Group	I	to	the	
Fifth	Assessment	Report	of	the	Intergovernmental	Panel	on	Climate	Change.	
Cambridge	University	Press,	Cambridge,	United	Kingdom	and	New	York,	NY,	USA.		
	
Cui	X.	H.,	J.	Chen,	J.	S.	Shen,	X.	Cao,	X.	H.	Chen,	and	X.	L.	Zhu.	2011.	Modeling	tree	root		
diameter	and	biomass	by	ground-	penetrating	radar.	Science	China	Earth	Sciences	
54:711–719.		
	
Curtis,	P.	S.,	and	X.	Wang.	1998.	A	meta-analysis	of	elevated	CO2	effects	on	woody		
plant	mass,	form,	and	physiology.	Oecologia	113:299-313.	
	
Daniels,	D.	J.	2004.	Ground	penetrating	radar,	2nd	edition.	Institution	of	Electrical		
Engineers,	London,	U.K.	
	 	87	
	
Dannoura	M.,	Y.	Hirano,	T.	Igarashi,	M.	Ishii,	K.	Aono,	K.	Yamase,	and	Y.	Kanazawa.	2008.		
Detection	of	Cryptomeria	japonica	roots	with	ground	penetrating	radar.	Plant	
Biosystems	142:375–380.		
	
Day,	F.	P.,	E.	P.	Weber,	C.	R.	Hinkle,	and	B.	G.	Drake.	1996.	Effects	of	elevated	atmospheric		
CO2	on	fine	root	length	and	distribution	in	an	oak-palmetto	scrub	ecosystem	in	
central	Florida.	Global	Change	Biology	2:143-148.	
	
Day,	F.	P.,	D.	B.	Stover,	A.	L.	Pagel,	B.	A.	Hungate,	J.	J.	Dilustro,	T.	Herbert,	B.	G.	Drake,	and	C.	
R.	Hinkle.	2006.	Rapid	root	closure	after	fire	limits	fine	root	responses	to	elevated	
atmospheric	CO2	in	a	scrub	oak	ecosystem	in	central	Florida,	USA.	Global	Change	
Biology	12:1047-1053.	
	
Day,	F.	P.,	R.	E.	Schroeder,	D.	B.	Stover,	A.	L.	Brown,	J.	R.	Butnor,	J	Dilustro,	B.	A.	Hungate,	P.		
Dijkstra,	B.	D.	Duval,	T.	J.	Seller,	B.	G.	Drake,	and	C.	R.	Hinkle.	2013.	The	effects	of	11	
yr	of	CO2	enrichment	on	roots	in	a	Florida	scrub-oak	ecosystem.	New	Phytologist	
200:778-787.	
	
de	Graaff,	M.	A.,	K.	J.	van	Groenigen,	J.	Six,	B.	A.	Hungate,	and	C.	van	Kessel.	2006.		
Interactions	between	plant	growth	and	soil	nutrient	cycling	under	elevated	CO2:	a	
meta-analysis.	Global	Change	Biology	12:2077-2091.	
	
Deans,	J.	D.	1981.	Dynamics	of	coarse	root	production	in	a	young	plantation	of	Picea		
sitchensis.	Forestry	54:139–155.		
	
Dilustro,	J.	J.,	F.	P.	Day,	B.	G.	Drake,	and	C.	R.	Hinkle.	2002.	Abundance,	production	and		
mortality	of	fine	roots	under	elevated	atmospheric	CO2	in	an	oak-scrub	ecosystem.	
Environmental	and	Experimental	Botany	48:149-159.		
	
Doney,	S.	C.	2010.	The	growing	human	footprint	on	coastal	and	open-ocean		
biogeochemistry.	Science	328:399-417.	
	
Doolittle,	J.	A.,	F.	E.	Minzenmayer,	S.	W.	Waltman,	and	E.	C.	Benham.		2002.		Ground	
penetrating	radar	soil	suitability	map	of	the	conterminous	United	States.		Pages	7-12	
in	S.	Koppenjan	and	H.	Lee,	editors.	9th	International	Conference	on	Ground	
Penetrating	Radar.	Proceedings	of	SPIE	–	The	International	Society	of	Optical	
Engineering,	Bellingham,	WA,	USA.	
	
Drake,	B.	G.,	M.	A.	Gonzalez-Meier,	and	S.	P.	Long.	1997.	More	efficient	plants:	a		
consequence	of	rising	atmospheric	CO2?	Annual	Review	of	Plant	Physiology	and	
Plant	Molecular	Biology	48:609-639.	
	
Fahey,	T.	J.,	C.	S.	Bledsoe,	F.	P.	Day,	R.	Ruess,	and	A.	Smucker.	1999.	Root	production	and	
demography.	Pages	437-455	in	G.	P.	Robertson,	C.	S.	Bledsoe,	D.	C.	Coleman,	and	P.	
	 	88	
Sollins,	editors.	Standard	Soil	Methods	for	Long-Term	Ecological	Research.	Oxford	
University	Press,	New	York,	USA.	
	
Fahrig,	L.	2003.	Effects	of	habitat	fragmentation	on	biodiversity.	Annual	Review	of		
Ecology,	Evolution,	and	Systematics	34:487-515.	
	
Farmer,	G.	T.,	and	J.	Cook.	2013.	Pages	199-215	in	Climate	Change	Science:	A	Modern		
Synthesis	Springer	Science,	Dordrecht,	Netherlands.	
	
Fitter,	A.	H.	1987.	An	architectural	approach	to	the	comparative	ecology	of	plant	root		
systems.	New	Phytologist	106:61-77.		
	
Fitter,	A.	H.	and	T.	R.	Stickland.	1992.	Architectural	analysis	of	plant	root	systems	III:		
Studies	on	plants	under	field	conditions.	New	Phytologist	121:243-248.		
	
Fitter,	A.	H.,	T.	R.	Stickland,	M.	L.	Harvey	and	G.	W.	Wilson.	1991.	Architectural	analysis	of		
plant	root	systems	I:	Architecture	correlates	of	exploitation	efficiency.	New	
Phytologist	118:375-382.		
	
Fogel,	R.	1985.	Roots	as	primary	producers	in	belowground	ecosystems.	Pages	22-36	in		
Ecological	Interactions	in	Soil.	A.	H.	Fitter,	D.	Atkinson,	D.	J.	Read	and	M.	B.	Usher,	
editors.	Blackwell,	Oxford,	UK.		
	
Frost,	C.	C.,	and	L.	J.	Musselman.	1987.	History	and	vegetation	of	the	Blackwater	Ecologic		
Preserve.	Castanea	52:15-46.	
	
Galatowitsch,	S.	M.	2009.	Carbon	offsets	as	ecological	restorations.	Restoration	Ecology		
17:563–570.	
	
Guo,	L.,	J.	Chen,	X.	Cui,	B.	Fan,	and	H.	Lin.	2013.	Application	of	ground	penetrating	radar	for		
coarse	root	detection	and	quantification:	a	review.	Plant	and	Soil	362:1-23.	
	
Guo,	L.,	Y.	Wu,	J.	Chen,	Y.	Hirano,	T.	Tanikawa,	W.	Li,	X.	Cui.	2015.	Calibrating	the	impact	of		
root	orientation	on	root	quantification	using	ground-penetrating	radar.	Plant	and	
Soil	395:289-305.	
	
Hendrick,	R.	L.	and	K.	S.	Pregitzer.		1992.		The	demography	of	fine	roots	in	a	northern	
hardwood	forest.		Ecology	73:1094-1104.	
	
Hirano,	Y.,	M.	Dannoura,	K.	Aono,	T.	Igarashi,	M.	Ishii,	K.	Yamase,	N.	Makita,	and	Y.		
Kanazawa.	2009.	Limiting	factors	in	the	detection	of	tree	roots	using	ground-
penetrating	radar.	Plant	and	Soil	319:15–24.		
	
Hofmann,	D.	J.,	J.	H.	Butler,	and	P.	P.	Tans.	2009.	A	new	look	at	atmospheric	carbon		
dioxide.	Atmospheric	Environment	43:2084-2086.	
	 	89	
Houghton,	R.	A.	2007.	Balancing	the	global	carbon	budget.	Annual	Review	of	Earth	and		
Planetary	Science.	35:13-47.	
	
Hruska,	J.,	J.	Cermak,	and	S.	Sustek.	1999.	Mapping	tree	root	systems	with	ground-
penetrating	radar.		Tree	Physiology	19:125-130.	
	
Hungate,	B.	A.,	P.	Dijkstra,	D.	W.	Johnson,	C.	R.	Hinkle,	and	B.	G.	Drake.	1999.	Elevated	CO2		
increases	nitrogen	fixation	and	decreases	soil	nitrogen	mineralization	in	
	 Florida	scrub	oak.	Global	Change	Biology	5:781–789.	
	
Hungate	B.	A.,	M.	Reichstein,	P.	Dijkstra,	D.	Johnson,	G.	Hymus,	J.	D.	Tenhunen,	C.	R.	Hinkle,		
and	B.	G.	Drake.	2002.		Evapotranspiration	and	soil	water	content	in	a		scrub-oak	
woodland	under	carbon	dioxide	enrichment.	Global	Change	Biology	8:289-298.	
	
Hungate,	B.	A.,	D.	W.	Johnson,	P.	Dijkstra,	G.	Hymus,	P.	Stiling,	J.	P.	Megonigal,	A.	L.	Pagel,	J.	L.		
Moan,	F.	Day,	J.	Li,	C.	R.	Hinkle,	and	B.	G.	Drake.	2006.	Nitrogen		 cycling	during	seven	
years	of	atmospheric	CO2	enrichment	in	a	scrub	oak	woodland.	Ecology	87:26–40.	
	
Hutchings,	M.	J.	and	E.	A.	John.		2003.		Distribution	of	roots	in	soil,	and	root	foraging	activity.		
Pages	33-60	in	H.	de	Kroon	and	E.	J.	W.	Visser,	editors.	Root	Ecology.	Springer,	New	
York,	NY,	USA.	
	
Iverson,	L.	R.	and	A.	M.	Prasad.	1998.	Predicting	abundance	of	80	tree	species	following		
climate	change	in	the	eastern	United	States.	Ecological	Monographs	68:465-485.		
	
Jackson,	R.	B,	J.	Canadell,	J.	R.	Ehleringer,	H.	A.	Mooney,	O.	E.	Sala,	and	E.	D.	Schulze.		1996.		A	
global	analysis	if	root	distributions	for	terrestrial	biomes.		Oecologia	108:389-411.	
	
Jackson,	R.	B.,	C.	W.	Cook,	J.	S.	Pippen,	and	S.	M.	Palmer.	2009.	Increased	belowground	
biomass	and	soil	CO2	fluxes	after	a	decade	of	carbon	dioxide	enrichment	in	a	warm-
temperate	forest.	Ecology	90:352-3366.	
	
James,	S.	1984.	Lignotubers	and	burls—their	structure,	function	and	ecological	significance	
in	Mediterranean	ecosystems.	Botanical	Review	50:225-266.	
	
Janzen,	H.	H.	2004.	Carbon	cycling	in	earth	systems	–	a	soil	science	perspective.	Agriculture,		
Ecosystems	and	Environment	104:399-417.		
	
Johnsen,	K.	H.,	D.	Wear,	R.	Oren,	R.	O.	Teskey,	R.	Sanchez,	R.	Will,	J.	Butnor,	D.	Markewitz,	D.	
Richter,	T.	Rials,	H.	L.	Allen,	J.	Seiler,	D.	Ellsworth,	C.	Maier,	G.	Katul,	and	P.	M.	
Dougherty.		2001.		Meeting	global	policy	commitments:	Carbon	sequestration	and	
southern	pine	forests.		Journal	of	Forestry	99:14-21.	
	
Johnsen,	K.	H.,	C.	Maier,	and	L.	Kress.	2005.	Quantifying	root	lateral	distribution	and	
turnover	using	pine	trees	with	a	distinct	stable	carbon	isotope	signature.		Functional	
Ecology	19:81-87.	
	 	90	
	
Jol,	H.	M.	2009.	Ground	Penetrating	Radar:	Theory	and	Application.	Elsevier	Science,		
Oxford,	U.K..		
	
Jongen,	M.,	M.	B.	Jones,	T.	Hebeisen,	H.	Blum,	and	G.	R.	Hendrey.	1995.	The	effects	of	CO2	
concentrations	on	the	root	growth	of	Lolium	perenne	and	Trifolium	repens	grown	in	
a	FACE	system.	Global	Change	Biology	1:361-371.	
	
Kaufmann,	R.	K.,	Kauppi,	H.,	Mann,	M.	L.,	and	J.	H.	Stock.	2011.	Reconciling	anthropogenic	
climate	change	with	observed	temperature	1998–2008.	Proceedings	of	the	National	
Academy	of	Sciences	108:11790-11793.	
	
Kirtman,	B.,	S.	B.	Power,	J.	A.	Adedoyin,	G.	J.	Boer,	R.	Bojariu,	I.	Camilloni,	F.	J.	Doblas-	
Reyes,	A.	M.	Fiore,	M.	Kimoto,	G.	A.	Meehl,	M.	Prather,	A.	Sarr,	C.	Schär,	R.	Sutton,	G.	J.	
van	Oldenborgh,	G.	Vecchi	and	H.	J.	Wang.	2013.	Near-term	climate	change:	
projections	and	predictability.	Pages	953-1028	in	Stocker,	T.	F.,	D.	Qin,	G.	K.	Plattner,	
M.	Tignor,	S.	K.	Allen,	J.	Boschung,	A.	Nauels,	Y.	Xia,	V.	Bex	and	P.	M.	Midgley,	editors.	
Climate	Change	2013:	The	Physical	Science	Basis.	Contribution	of	Working	Group	I	
to	the	Fifth	Assessment	Report	of	the	Intergovernmental	Panel	on	Climate	Change	
Cambridge	University	Press,	Cambridge,	U.K.	and	New	York,	NY,	USA.		
	
Kramer,	P.	J.	1981.	Carbon	dioxide	concentration,	photosynthesis,	and	dry	matter		
production.	BioScience	31:29-33.	
	
Krasilnikov,	P.	K.	1970.	On	the	classification	of	the	root	systems	of	trees	and	shrubs.			
Lesovedenie	3:35-44.	
	
Lackner,	K.	S.	2003.	A	guide	to	CO2	sequestration.	Science	300:1677-1678.	
	
Lal,	R.	2004.	Soil	carbon	sequestration	to	mitigate	climate	change.	Geoderma	123:1-22.	
	
Langley,	J.,	B.	Drake,	and	B.	Hungate.	2002.	Extensive	belowground	carbon	storage	supports	
roots	and	mycorrhizae	in	regenerating	scrub	oaks.	Oecologia	131:542-548.	
	
Leakey,	A.	D.	B.,	E.	A.	Ainsworth,	C.	J.	Bernacchi,	A.	Rogers,	S.	P.	Long,	and	D.	R.	Ort.	2009.		
Elevated	CO2	effects	on	plant	carbon,	nitrogen,	and	water	relations:	six	important	
lessons	from	FACE.	Journal	of	Experimental	Botany	60:2859-2876.	
	
Lehmann,	J.	2007.	A	handful	of	carbon.	Nature	447:143-144.	
	
Leucci,	G.	2010.	The	use	of	three	geophysical	methods	for	3D	images	of	total	root	volume	of	
soil	in	urban	environments.	Exploratory	Geophysics	41:268–278.		
	
Li,	J.	H.,	T.	L.	Powell,	T.	J.	Seiler,	D.	P.	Johnson,	H.	P.	Anderson,	R.	Bracho,	B.	A.	Hungate,	C.	R.	
Hinkle,	and	B.	G.	Drake.	2007.	Impacts	of	Hurricane	Frances	on	Florida	scrub-oak	
	 	91	
ecosystem	processes:	defoliation,	net	CO2	exchange	and	interactions	with	elevated	
CO2.	Global	Change	Biology	13:1101-1113.		
	
Lipson,	D.	A.,	R.	F.	Wilson	and	W.	C.	Oechel.	2005.	Effects	of	elevated	atmospheric	CO2	on	
soil	microbial	biomass,	activity,	and	diversity	in	a	chaparral	ecosystem.	Applied	and	
Environmental	Microbiology	71:8573-8580.	
	
Ludovici,	K.	H.,	S.	J.	Zarnoch,	and	D.	D.	Richter.		2002.		Modeling	in-situ	pine	root	
decomposition	using	data	from	a	60-year	chronosequence.		Canadian	Journal	of	
Forest	Research	32:1675-1684.	
	
Lyford,	W.	H.	1975.	Rhizography	of	non-woody	roots	of	trees	in	the	forest	floor.	Pages	179-	
190	in	J.	G.	Tarrey	and	D.	T.	Clarkson,	editors.	The	Development	and	Function	of	
Roots.	Academic	Press,	London,	U.K.	
	
Lyford,	W.	H.	1980.	Development	of	the	root	system	of	Northern	red	oak	(Quercus	rubra	L.).		
Harvard	Forest	Paper	#21.	Harvard	University	Press,	Boston,	MA,	USA.		
	
Lyford,	W.	H.	and	B.	F.	Wilson.	1964.	Development	of	the	root	ststem	of	Acer	rubrum	L.		
Harvard	Forest	Paper	#10.	Harvard	University	Press,	Boston,	MA,	USA.		
	
Lynch,	J.		1995.		Root	architecture	and	plant	productivity.		Plant	Physiology	109:7-13.	
	
Matamala,	R.	and	W.	H.	Schlesinger.	2000.	Effects	of	elevated	atmospheric	CO2	on	fine	root	
production	and	activity	in	an	intact	temperate	forest	ecosystem.	Global	Change	
Biology	6:967-979.	
	
Merrifield,	M.	A.,	S.	T.	Merrifield,	and	G.	T.	Mitchum.	2009.	An	anomalous	recent		
acceleration	of	global	sea	level	rise.	Journal	of	Climate	22:5772-5781.		
	
Miller,	A.	T.,	H.	L.	Allen,	and	C.	A.	Maier.		2006.		Quantifying	the	coarse-root	biomass	of	
intensively	managed	loblolly	pine	plantations.		Canadian	Journal	of	Forest	Research	
36:12-22.	
	
Milly,	P.	C.	D.,	K.	A.	Dunne,	and	A.	V.	Vecchia.	2005.	Global	pattern	of	trends	in	streamflow		
and	water	availability	in	a	changing	climate.	Nature	438:347-350.	
	
Nielsen,	K.	J.,	J.	P.	Lynch,	and	H.	N.	Weiss.	1997.	Fractal	geometry	of	bean	root	systems:		
correlations	between	spatial	and	fractal	dimension.	American	Journal	of	Botany	
84:26-33.		
	
Nilsson,	S.	and	W.	Schopfhauser.	1995.	The	carbon-sequestration	potential	of	a	global		
afforestation	program.	Climatic	Change	30:267-293.	
	
	 	92	
Norby,	R.	J.		1994.		Issues	and	perspectives	for	investigating	root	responses	to	elevated	
atmospheric	carbon	dioxide.		Plant	and	Soil	165:9-20.	
	
Oliveria,	M.	R.	G.,	M.	van	Noordwijk,	S.	R.	Gaze,	G.	Brouwer.	2000.	Auger	sampling,	ingrowth		
cores	and	pinboard	methods.	Pages	175-210	in	A.	L.	Smit,	A.	G.	Bengough,	M.	van	
Noordwijk,	S.	Pellerin,	S.	C.	van	de	Geijn,	editors.	Root	Methods:	A	Hand	Book.	
Springer-Verlad,	Berlin,	Germany.		
	
O’Neill,	E.	G.	1994.	Responses	of	soil	biota	to	elevated	atmospheric	carbon	dioxide.	Plant	
and	Soil	165:55-65.	
	
Oppenheim,		A.	V.	and	R.	W.	Schafer.	1975.	Digital	Signal	Processing.	Prentice	Hall,		
Englewood	Cliffs,	NJ,	USA.	
	
Oren,	R.,	D.	S.	Ellsworth,	K.	H.	Johnsen,	N.	Phillips,	B.	E.	Ewers,	C.	Maier,	K.	V.	R.	Schafer,	H.		
McCarthy,	G.	Hendry,	S.	G.	McNulty,	and	G.	G.	Katul.	2001.	Soil	fertility	limits	carbon	
sequestration	by	forest	ecosystems	in	a	CO2-enriched	atmosphere.	Nature	411:469-
472.	
	
Polomski,	J.	and	N.	Kuhn.	2002.	Root	research	methods.	Pages	295–322	in	Y.	Weisel,	A.		
Eshel,	U.	Kafkafi,	editors.	Plant	Roots:	The	Hidden	Half,	3rd	edition.	Marcel	Dekker,	
New	York,	NY,	USA.	
	
Poorter,	H.,	and	O.	Nagel.	2000.	The	role	of	biomass	allocation	in	the	growth	response	of		
plants	to	different	levels	of	light,	CO2,	nutrients	and	water:	a	quantitative	review.	
Australian	Journal	of	Plant	Physiology	27:595-607.	
	
Powlson,	D.	S.,	A.	P.	Whitmore,	and	K.	W.	T.	Goulding.	2011.	Soil	carbon	sequestration	to		
mitigate	climate	change:	a	critical	re-examination	to	identify	the	true	and	the	false.	
European	Journal	of	Soil	Science	62:	42-55.	
	
Prentice,	I.	C.,	G.	D.	Farquar,	M.	J.	R.	Fasham,	M.	L.	Goulden,	M.	Heimann,	V.	J.	Jaramillo,	H.	S.		
Kheshgi,	C.	Le	Quéré,	R.	J.	Scholes	and	D.	W.	R.	Wallace.	2001.	The	carbon	cycle	and	
atmospheric	carbon	dioxide.	Pages	183-237	in	J.	T.	Houghton,	Y.	Ding,	D.	J.	Griggs,	M.	
Noguer,	P.	J.	Van	der	Linden,	X.	Dai,	K.	Maskell,	and	C.	A.	Johnson,	editors.	IPCC	
Climate	Change	2001:	The	Scientific	Basis.	Cambridge	University	Press,	New	York,	
NY,	USA.	
	
Pyke,	C.	R.	2005.	Interactions	between	habitat	loss	and	climate	change:	Implications	for		
fairy	shrimp	in	the	Central	Valley	ecoregion	of	California,	USA.	Climate	Change	
68:199-218.	
	
Reich,	P.	B.,	S.	E.	Hobbie,	T.	Lee,	D.	S.	Ellsworth,	J.	B.	West,	D.	Tilman,	J.	M.	H.	Knops,	S.		
Naeem,	and	J.	Trost.	2006.	Nitrogen	limitation	constrains	sustainability	of	ecosystem	
response	to	CO2.	Nature	440:922-925.	
	
	 	93	
Reubens,	B.,	J.	Poesen,	F.	Danjon,	G.	Geudens,	B.	Muys.	2007.	The	role	of	fine	and	coarse		
roots	in	shallow	slope	stability	and	soil	erosion	control	with	a	focus	on	root	system	
architecture:	a	review.	Tree	Structure	and	Function	21:385–402.		
	
Richter,	D.	D.,	D.	Markewitz,	S.	E.	Trumbore,	and	C.	G.	Wells.		1999.	Rapid	accumulation	and	
turnover	of	soil	carbon	in	a	reestablishing	forest.		Nature	400:56-58.	
	
Robinson,	D.,	A.	Hodge,	and	A.	Fitter.	2003.	Constraints	on	the	form	and	function	of	root	
systems.		Pages	1-32	in	H.	de	Kroon	and	E.	J.	W.	Visser,	editors.		Root	Ecology,	
Springer,	New	York,	NY,	USA.	
	
Robinson,	D.	2007.	Implications	of	a	large	global	root	biomass	for	carbon	sink	estimates		
and	for	soil	carbon	dynamics.	Proceedings	of	the	Royal	Society	274:2753-2759.	
	
Rodhe,	H.	1990.	A	comparison	of	the	contribution	of	various	gases	to	the	greenhouse		
effect.	Science	248:1217-1219.	
	
Root,	T.	L.,	J.	T.	Price,	K.	R.	Hall,	S.	H.	Schneider,	C.	Rosenzweig,	and	J.	A.	Pounds.	2003.			
Fingerprints	of	global	warming	on	wild	animals	and	plants.	Nature	421:57-60.		
	
Sabine,	C.,	R.	A.	Freely,	N.	Gruber,	R.	M.	Key,	K.	Lee,	J.	L.	Bullister,	R.	Wanninkhof,	C.	S.	Wong,	
D.	W.	R.	Wallace,	B.	Tilbrook,	F.	J.	Millero,	T.	H.	Peng,	A.	Kozyr,	T.	Ono	and	A.	F.	Rios.	
2004.	The	oceanic	sink	for	anthropogenic	CO2.	Science	305:367-371.	
	
Samuelson,	L.	J.,	J.	Butnor,	C.	Maier,	T.	A.	Stokes,	K.	Johnsen,	and	M.	Kane.	2008.	Growth	and		
physiology	of	loblolly	pine	in	response	to	long-term	resource	management:	defining	
growth	potential	in	the	southern	United	States.	Canadian	Journal	of	Forest	Research	
38:721–732.		
	
Saugier,	B.,	J.	Roy,	and	H.	A.	Mooney.	2001.	Estimations	of	global	terrestrial	productivity:		
converging	toward	a	single	number.	Pages	543-557	in	B.	Saugier,	J.	Roy,	and	H.	A.	
Mooney,	editors.	Terrestrial	Global	Productivity,	Academic	Press,	Sand	Diego,	CA,	
USA.	
	
Schimel,	D.	S.,	J.	I.	House,	K.	A.	Hibbard,	P.	Bousquet,	P.	Ciais,	P.	Peylin,	B.	H.	Braswell,	M.	J.		
Apps,	D.	Baker,	A.	Bondeau,	J.	Canadell,	G.	Churkina,	W.	Cramer,	A.	S.	Denning,	C.	B.	
Field,	P.	Friedlingstein,	C.	Goodale,	M.	Heimann,	R.	A.	Houghton,	J.	M.	Melillo,	B.	More	
III,	D.	Murdiyarso,	I.	Nobel,	S.	W.	Pacala,	I.	C.	Prentice,	M.	R.	Raupach,	P.	J.	Rayner,	R.	J.	
Scholes,	W.	L.	Steffen	and	C.	Wirth.	2001.	Recent	patterns	and	mechanisms	of	carbon	
exchange	by	terrestrial	ecosystems.	Nature	414:169-172.		
	
Schlesinger,	W.	H.	1991.	Biogeochemistry:	An	Analysis	of	Global	Change.	Academic	Press,		
New	York,	NY,	USA.		
	
Schlesinger,	W.	H.	1999.	Carbon	sequestration	in	soils.	Science	284:2095.	
	 	94	
	
Schlesinger,	W.	H.	2011.	Climate	change.	Interpretation:	A	Journal	of	Bible	&	Theology		
65:378-390.	
	
Schmalzer,	P.	A.	and	C.	R.	Hinkle.	1987.	Effects	of	fire	on	composition,	biomass,	and		
nutrients	in	oak	scrub	vegetation	on	John	R.	Kennedy	Space	Center,	Florida.	
Technical	report.	The	Bionetics	Corporation,	Kennedy	Space	Center,	Florida,	USA.	
	
Schmalzer,	P.	A.	and	C.	R.	Hinkle.	1991.	Dynamics	of	vegetation	and	soils	of	oak/saw		
palmetto	scrub	after	fire:	Observations	from	permanent	transects.	NASA	Technical	
Memorandum	103817.	Kennedy	Space	Center,	Florida.		
	
Schmalzer,	P.	A.	and	C.	R.	Hinkle.		1992.		Recovery	of	oak-saw	palmetto	scrub	after	fire.	
Castanea	57:158-173.	
	
Schneider,	S.	H.	1989.	The	greenhouse	effect:	science	and	policy.	Science	243:771-781.	
	
Schroeder,	R.	E.	2011.		Effects	of	11	years	of	CO2	enrichment	on	root	biomass	and	spatial		
distribution	in	a	Florida	scrub-oak	ecosystem.		Doctoral	Dissertation,	Old	Dominion	
University,	Norfolk,	Virginia,	USA.	
	
Seiler,	T.	J.,	D.	P.	Rasse,	J.	Li,	P.	Dijkstra,	H.	P.	Anderson,	D.	P.	Johnson,	T.	L.	Powell,	B.	A.		
Hungate,	C.	R.	Hinkle,	and	B.	G.	Drake.	2009.	Disturbance,	rainfall	and	contrasting	
species	responses	mediated	aboveground	biomass	response	to	11	years	of	CO2	
enrichment	in	a	Florida	scrub-oak	ecosystem.	Global	Change	Biology	15:356-367.	
	
Silver,	W.	L.,	and	K.	A.	Vogt.	1993.	Fine	root	dynamics	following	single	and	multiple		
disturbances	in	a	subtropical	wet	forest	ecosystem.	Journal	of	Ecology	81:729-	738.		
	
Stainback,	G.	A.	and	J.	R.	Alavalapati.	2004.	Restoring	longleaf	pine	through	silvopasture		
practices:	an	economic	analysis.	Forest	Policy	and	Economics	6:371-378.	
	
Stokes,	A.,	T.	Fourcaud,	J.	Hruska,	J.	Cermak,	N.	Nadyezdhina,	V.	Nadyezhdin,	and	L.	Praus.		
2002.	An	evaluation	of	different	methods	to	investigate	root	system	architecture	of	
urban	trees	in	situ:	1.	ground-penetrating	radar.	Journal	of	Arboriculture	28:2-10.	
	
Stover,	D.	B.	2007.		Effects	of	elevated	atmospheric	CO2	on	root	dynamics,	biomass	and		
architecture	in	a	scrub-oak	ecosystem	at	Kennedy	Space	Center,	Florida.		Doctoral	
Dissertation,	Old	Dominion	University,	Norfolk,	Virginia,	USA.	
	
Stover,	D.	B.,	F.	P.	Day,	J.	R.	Butnor	and	B.	G.	Drake.	2007.	Application	of	ground	penetrating	
radar	to	quantify	the	effects	of	long-term	CO2	enrichment	on	coarse	root	biomass	in	
a	scrub-oak	ecosystem	at	Kennedy	Space	Center.	Ecology	88:1328-1334.	
	
Stover,	D.	B.,	F.	P.	Day,	B.	G.	Drake,	and	C.	R.	Hinkle.	2010.	The	long-term	effects	of	CO2		
	 	95	
enrichment	on	fine	root	productivity,	mortality,	and	survivorship	in	a	scrub-oak	
ecosystem	at	Kennedy	Space	Center,	Florida,	USA.	Environmental	and	Experimental	
Botany	69:214-222.	
	
Stuart,	S.	N.,	J.	S.	Chanson,	N.	A.	Cox,	B.	E.	Young,	A.	S.	Rodrigues,	D.	L.	Fischman,	and	R.	W.		
Waller.	2004.	Status	and	trends	of	amphibian	declines	and	extinctions	worldwide.	
Science	306:1783-1786.	
	
Tanikawa,	T.,	Y.	Hirano,	M.	Dannoura,	K.	Yamase,	K.	Aono,	M.	Ishii,	T.	Igarashi,	H.	Ikeno,	Y.		
Kanazawa.	2013.	Root	orientation	can	affect	detection	accuracy	of	ground-
penetrating	radar.	Plant	and	Soil	373:317-327.		
	
Thomas,	C.	D.,	A.	Cameron,	R.	E.	Green,	M.	Bakkenes,	L.	J.	Beaumont,	Y.	C.	Collingham,	B.	F.	N.		
Erasmus,	M.	F.	de	Siquiera,	A.	Grainger,	L.	Hannah,	L.	Hughes,	B.	Huntley,	A.	S.	van	
Jaarsveld,	G.	F.	Midgley,	L.	Miles,	M.	A.	Ortega-Huerta,	A.	T.	Peterson,	O.	L.	Phillips,	
and	S.	E.	Williams.	2004.	Extinction	risk	from	climate	change.	Nature	427:145-148.	
	
Thomas,	S.	C.	and	A.	R.	Martin.	2012.	Carbon	content	of	tree	tissues:	a	synthesis.	Forests		
3:332-352.	
	
Tripati,	A.	K.,	C.	D.	Roberts,	and	R.	A.	Eagle.	2009.	Coupling	of	CO2	and	ice	sheet	stability		
over	major	climate	transitions	of	the	last	20	million	years.	Science	326:1394-1397.	
	
Van	Lear,	D.	H.,	W.	D.	Carroll,	P.	R.	Kapeluck	and	R.	Johnson.	2005.	History	and	restoration		
of	the	longleaf	pine-grassland	ecosystem:	Implications	for	species	at	risk.	Forest	
Ecology	and	Management	211:150-165.	
	
Vogt,	K.	A.	and	J.	Bloomfield.	1991.	Tree	root	turnover	and	senescence.	Pages	363-381	in		
A.	E.	Y.	Waisel	and	U.	Kafkafi,	editors.	Plant	Roots:	The	Hidden	Half.	Dekker,	New	York,	
NY,	USA.		
	
Waisel,	Y.,	A.	Eshel,	and	U.	Kafkafi.	2002.	Plant	Roots:	The	Hidden	Half,	3rd	edition.	Marcel		
Dekker,	New	York,	NY,	U.S.	
	
Wang,	W.	C.,	Y.	L.	Yung,	A.	A.	Lacis,	T.	A.	Mo,	and	J.	E.	Hansen.	1976.	Greenhouse	effects	due		
to	man-made	perturbations	of	trace	gases.	Science	194:685-690.	
	
Watson,	R.	T.,	I.	R.	Nobel,	B.	Bolin,	N.	H.	Ravindranath,	D.	J.	Verardo,	and	D.	J.	Dokken.		2000.		
Land	use,	land-use	change	and	forestry.		Special	Report	of	the	IPCC.	Cambridge	
University	Press,	Cambridge,	UK.	
	
Weaver,	J.	E.	1958.	Classification	of	root	systems	of	forbs	of	grassland	and	a	consideration		
of	their	significance.	Ecology	39:393-401.		
	
Wertschnig,	B.	and	M.	Duever.	1995.	Restoration	of	improved	pastures	in	Central	Florida		
	 	96	
pine	flatwoods	communities.	Proceedings	of	the	Annual	Conference	on	Ecosystems	
Restoration	and	Creation	23:161.		
	
Wielopolski,	L.,	G.	Hendey,	and	M.	McGuigan.		2000.		Imaging	tree	root	systems	in	situ.	
Pages	642-646	in	D.	A.	Noon,	G.	F.	Stickley	and	D.	Longstaff,	editors.	8th	International	
Conference	on	Ground-Penetrating	radar.		Proceedings	of	SPIE	–	The	International	
Society	of	Optical	Engineering,	Bellingham,	WA,	USA.	
	
Wielopolski,	L.,	G.	Hendrey,	M.	McGuigan,	and	J.J.	Daniels.	2002.	Imaging	tree	root	systems		
in	situ.	Pages	58-62	in	Koppenjan,	S.	K.	and	L.	Hua,	editors.	Proceedings	of	the	Ninth	
International	Conference	on	Ground	Penetrating	Radar	(GPR2002).	International	
Society	for	Optics	and	Photonics,	Santa	Barbara,	USA.	
	
Wiemken,	V.,	E.	Laczko,	K.	Ineichen,	and	T.	Boller.	2001.	Effects	of	elevated	carbon	dioxide	
and	nitrogen	fertilization	on	mycorrhizal	fine	roots	and	the	soil	microbial	
community	in	beech-spruce	ecosystems	on	siliceous	and	calcareous	soil.	Microbial	
Ecology	42:126-135.	
	
Williams,	J.	W.,	S.	T.	Jackson,	and	J.	E.	Kutzbach.	2007.	Projected	distributions	of	novel	and		
disappearing	climates	by	2100	A.D.	Proceedings	of	the	National	Academy	of	
Sciences,	U.S.	104:5738-5742.	
	
Worm,	B.,	E.	B.	Barbier,	N.	Beaumont,	J.	E.	Duffy,	C.	Folke,	B.	S.	Halpern,	J.	B.	C.	Jackson,	H.	K.		
Lotze,	F.	Micheli,	S.	R.	Palumbi,	E.	Sala,	K.	A.	Selkoe,	J.	J.	Stachowicz,	and	R.	Watson.	
2006.	Impacts	of	biodiversity	loss	on	ocean	ecosystem	services.	Science	314:787-
790.	
	
Wu,	Y.,	L.	Guo,	X.	Cui,	J.	Chen,	X.	Cao,	and	H.	Lin.	2014.	Ground-penetrating	radar-based		
automatic	reconstruction	of	three-dimensional	coarse	root	system	architecture.	
Plant	and	Soil	383:155–172.	
	
Zenone,	T,	G.	Morelli,	M.	Teobaldelli,	F.	Fischanger,	M.	Matteucci,	M.	Sordini,	A.	Armani,	C.		
Ferre,	T.	Chiti,	and	G.	Seufert.	2008.	Preliminary	use	of	ground-penetrating	radar	
and	electrical	resistivity	tomography	to	study	tree	roots	in	pine	forests	and	poplar	
plantations.	Functional	Plant	Biology	35:1047–1058.		
	
	
	
	
97	
VITA	
	
John	Claude	Bain	
Old	Dominion	University	
Department	of	Biological	Sciences	
Mills	Godwin	Building	Room	110	
Norfolk,	VA	23529	
	
Education	
M.	E.	M.	Environmental	Science,	Duke	University.	May	2008.		
Master’s	title:	An	assessment	of	the	effectiveness	and	usage	of	the	Surfrider	
Foundation	Annual	State	of	the	Beach	report.	
B.	A.	Environmental	Studies,	The	College	of	William	and	Mary.	May	2004.		
	
Academic	Experience		
• Dominion	Scholar	Teaching	Assistant,	ODU:	Fall	2009	-	Spring	2010.		
• Adjunct	Faculty,	Tidewater	Community	College:	Fall	2010	–	Current.	 	
• Teacher,	Norfolk	Collegiate:	Fall	2014	–	Current.	 	
	
Professional	or	Academic	Honors	and	Awards	 	
• Dominion	Scholar,	ODU,	Fall	2009	-	Spring	2010.		
	
Presentations		
• John	C.	Bain,	Frank	P.	Day,	John	Butnor.	2013.	Optimizing	ground-penetrating	
radar	for	coarse	root	applications.	DOE	Joint	TES/SBR	PI	Meeting.	
Washington	D.C.	
• John	C.	Bain,	Frank	P.	Day,	John	Butnor.	2013.	Optimizing	ground-penetrating	
radar	for	coarse	root	applications.	INTECOL.	London,	UK.	
• John	C.	Bain,	Frank	P.	Day,	John	Butnor.	2014.	Optimizing	ground-penetrating	
radar	for	coarse	root	applications.	DOE	Joint	TES/SBR	PI	Meeting.	
Washington	D.C.	
• John	C.	Bain,	Frank	P.	Day,	John	Butnor.	2014.	Optimizing	ground-penetrating	
radar	for	measurement	of	coarse	root	biomass	and	its	application	in	
determining	elevated	CO2	legacy	effects	in	an	11-year	Florida	experiment.	
ESA	Annual	Meeting.	Sacramento,	CA	
	
